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Abstract 
As wine supply chains become increasingly globalized, sustainability issues take on 
ever greater importance. This is the first study to analyse the environmental 
sustainability aspect of greenhouse gas (GHG) emissions from a global wine supply 
chain perspective, covering just over 90% of Finland´s wine imports. Lacking 
substantial domestic production capacity, virtually all wine consumed in Finland is 
imported. Finland is comparable to its Nordic neighbours, Sweden and Norway, in 
this respect. 
The Life Cycle Assessment (LCA) methodology was combined with sensitivity and 
scenario analyses to investigate GHG emissions implications from prospective policy 
changes. Our results spotlight differences related to wine production in the eight main 
wine producing countries for the Finnish market (Australia, Chile, France, Germany, 
Italy, Spain, South Africa, and the United States), related logistics, and all packaging 
types for wine used in Finland (glass bottle, bag-in-box, PET bottle, beverage carton, 
and pouch). We found an average value of 1.23 kg CO2e for 0.75 L wine consumed 
in Finland, ranging from 0.59 kg CO2e for French wine in a bag-in-box packaging to 
1.92 kg CO2e for Australian wine in a glass bottle. After identifying the main GHG 
emission hotspots in the wine supply chain, our scenario analyses highlight the 
effects of reducing glass bottle weight, moving away from glass packaging toward 
bag-in-box, increasing bulk wine export volumes to Finland, and following the 
European Commission's Energy 2020 strategy which targets increasing energy 
efficiency by 20 percent. 
 
Word count : 8315 words, including text, tables and figure captions.  
1 Introduction 
Seeking to improve the sustainability of supply chains, practitioners and scholars of 
sustainable supply chain management are increasingly using systems approaches, 
including analyses of greenhouse gas emissions (GHG), environmentally extended 
input-output analyses, and Life Cycle Assessment (LCA) (Blass and Corbett, 2018; 
Pfister et al. 2017; Ahi and Searcy, 2013). These approaches, and in particular LCA, 
















based sustainability standards (Ayuso et al., 2016), and the need for a harmonization 
of sustainability claims, as the EU Commission’s Environmental Footprint pilot 
evidences (European Commission, 2018). LCA is widely used to assess the 
environmental impacts of a product, organization, or service, focusing on the 
resources used throughout its lifecycle, i.e. from raw material acquisition to waste 
management (ISO, 2006a and 2006b; Finnveden et al., 2009; Hellweg et al. 2014). 
These LCA and related systems approaches can help supply chain members to 
identify cost saving opportunities through energy efficiency initiatives (Matthews et 
al., 2008; Song et al., 2018) or provide opportunities for restructuring entire supply 
chains (Steiner and Jäger, 2018; Linton et al., 2007).  
The reduction of the overall agri-food sector’s carbon footprint (CF) is seen as one 
important potential contribution to mitigate such anthropogenic GHG emissions 
(Vermeulen et al., 2012). The GHG emissions are indeed the most frequently used 
environmental indicator to address adverse environmental impacts arising from the 
agri-food chain (Bosco et al., 2011; Pattara et al., 2012; Steiner et al., 2017; Ferrara 
and De Feo, 2018). It is thus not surprising that the CF has emerged as a key 
indicator for sustainability in a number of wine studies (Bonamente et al., 2016; Merli 
et al., 2018; Flores, 2018; Szolnoki, 2013).  
The wine supply chain was found to contribute 0.3% to the total of annual global 
GHG emissions (Rugani et al., 2013), which is remarkable for a single product 
category. With an increasingly global sourcing of wines as part of a highly globalized 
wine supply chain (Anderson et al., 2017), we anticipate that the issue of GHG 
emissions as part of a global supply chain perspective will only gain in importance in 
the future global wine supply chain. With around 11 litres per year, Finland has a 
modest per-capita consumption of wine by global standards (Statistics Finland, 2016; 
Alko, 2017; Wine Institute, 2017). Nevertheless, wine plays an important role in the 
Finnish alcohol supply chain (Wine Intelligence, 2018). Lacking significant domestic 
production capacity, virtually all wine consumed in Finland is imported (CBI, 2016), 
which heightens the likely emissions impact of its underlying wine supply chain 
relative to less wine import-dependent countries. 
The purpose of this study is to identify key sources of GHG emissions in the Finnish 
wine supply chain and to model GHG reduction potentials that could be used as 
















of wines entering Finland, we focus on the Country of Origin (COO) of the wine grape 
production and vinification, packaging types (glass bottle, Bag-in-Box (BiB), beverage 
cartons, PET bottles, pouch), and transportation (bulk wine and bottled wine) from 
the COO to the Point of Sale (POS) in the Finnish wine market. Finland is notable, 
not only for its focus on ecological modernization through innovation (Mickwitz et al., 
2011) and on corporate social sustainability (Panapanaan et al., 2003), but also for 
its institutional parallels with other Nordic countries with regard to a state-controlled 
alcohol monopoly (Norway: Rossow and Storvoll, 2014; Sweden: Norström et al., 
2010). Furthermore, like many other developed economies, the Finnish wine market 
is influenced by a rising demand from increasingly ecologically conscious consumers 
(Euromonitor, 2018).  
A related study from Weidema et al. (2016) describes environmental impacts from 
the Nordic alcoholic beverages industry. Contrasting our study, the results represent 
an aggregate supply chain perspective for all Nordic countries, not specifically 
focussing on Finland and not displaying differences in GHG emissions per COO or 
packaging type. On behalf of Alko, the Finnish national alcoholic beverage retailing 
monopoly, Päällysaho et al. (2018) investigate the environmental impacts from 
primary packaging materials of wine consumed in Finland using Ecoinvent data.  
In contrast to previous studies reviewed by Ferrara and De Feo (2018), the majority 
of which have omitted to perform a sensitivity analysis, we perform a Monte Carlo-
based sensitivity analysis and scenario analyses. The former allows for the 
determination of the robustness of the analysis, evaluating the extent to which the 
estimated results are influenced by uncertainties in the data; the latter test the 
potential effects of variations in the life cycle process. Therefore, our study not only 
extends previous LCA-based work from the wine sector, it also provides insights in 
the global wine supply chains, identifying leverage points for improving its 
sustainability, while enhancing the understanding of GHG emissions from the wine 
supply chain in Finland. 
The remainder of the paper is structured as follows. Section (2) provides a brief 
literature review, and section (3) introduces methods and data. Section (4) presents 
the results, including sensitivity and scenario analyses, followed by a discussion (5) 

















The literature on sustainable supply chain management has rapidly been integrating 
concepts from industrial ecology, related systems perspectives, and a variety of life-
cycle approaches (e.g. Seuring, 2004; Seuring and Müller, 2008; Genovese et al., 
2017; Blass and Corbett, 2018). Nevertheless, currently there is still no 
comprehensive, empirically grounded understanding of how companies address 
sustainability in their supply chains (Thorlakson et al., 2018). On this background, 
LCAs have been developed and implemented by companies to assess environmental 
impacts of supply chains connected to products or services from cradle to grave 
(Guinée and van der Voet, 2017) and applied at various additional levels (e.g. 
organizations and regions), to at least partly investigate and pinpoint environmental 
hotspots in complex supply chains (Hellweg et al., 2014). In spite of an ongoing 
discussion about the relationship between LCA and footprint analyses (e.g. Pfister et 
al., 2017), a widespread use of LCA has ensued in both industrial ecology and supply 
chain management (e.g. Guinée and Heijungs, 2017; Notarnicola et al., 2017; Blass 
and Corbett, 2018; Crawford et al., 2018).   
Considering a special case of LCA where the focus is on carbon footprints, a growing 
number of studies has conducted product-level carbon footprint analyses, where the 
focus is on one environmental impact category only, namely the global warming 
potential impact category corresponding to GHG emissions (Finkbeiner, 2009; 
Kronborg Jensen, 2012; Navarro et al., 2017a; Blass and Corbett, 2018; Scrucca et 
al., 2018). A large number of such studies on GHG emissions has been conducted 
outside of the wine sector, including in the wind electricity sector (Padey et al., 2012) 
and the construction industry (Akan et al., 2017).          
In the wine sector, an increasing number of studies on GHG emissions have focused 
on various stages of the wine supply chain, contributing to a better understanding of 
emission “hotspots” and resulting emissions reduction options (e.g. Jradi et al., 2018; 
Ponstein et al., 2018; Navarro et al., 2017b; Marras et al., 2015; Steenwerth et al., 
2015; Villanueva-Rey et al., 2014; Vázquez-Rowe et al., 2013; Point et al., 2012). 
The analysis by Jradi et al. (2018) tracks carbon footprint in French vineyards using a 
data envelopment analysis as a quantitative approach to measuring efficiency. In 
contrast, Marras et al. (2015) analyze the CF of a mature vineyard during the grape 
















technique to measure the CO2 exchange in vineyards. Steenwerth et al. (2015) 
provide an analysis of GHG emissions, energy use, and freshwater use in wine grape 
production across common vineyard management scenarios in two representative 
wine-growing areas of California, highlighting the importance of regional distinctions 
in wine grape production. Villanueva-Rey et al. (2014) provide a comparative LCA, 
contrasting biodynamic vs. conventional viticulture activities in Spain, while 
integrating land use and labour in their LCA. 
Those studies that are closely related to our analysis analysing the CF of a wine 
supply-chain, they include Amienyo et al. (2014), Point et al. (2012), Vázquez-Rowe 
et al. (2013), and Navarro et al. (2017b). In particular, Amienyo et al. (2014) 
assessed wine produced in Australia and consumed in England based on primary 
data from the Australian wine producer. They model a change in the packaging 
location from Australia to England, estimating the GHG emission reduction arising 
from the lower transport weight of wine that was then shipped as bulk. Point et al. 
(2012) performed a comprehensive analysis of the complete supply chain of wine 
produced in Canada, including the transportation from the winery to the POS, the 
shopping trip by the consumer and refrigeration before consumption. Vázquez-Rowe 
et al. (2013) calculate the CF of nine different types of wine in three different 
European nations (Italy, Luxembourg, and Spain) to determine the main reasons for 
varying CF results, highlighting the role of input optimization and the importance of 
legislative restrictions for achieving good environmental standards. Navarro et al. 
(2017b) use inventory data on wine production systems from a total of eighteen 
wineries located in major wine producing regions in Spain and the South of France. 
In sum, the above-mentioned literature documents the prevalence of case-study 
types of LCA analyses in the wine sector, concentrating on single countries or 
production regions, but not providing a comprehensive approach to a global wine 
supply chain. 
Table 1 provides a comparative summary of the above named LCA studies in the 
wine sector to better clarify the contributions of our study. For further literature 
reviews, see Rugani et al. (2013), Navarro et al. (2017a), Ferrara and De Feo (2018) 

















Table 1: Comparison of literature concerning system boundaries, scenario analysis, and sensitivity analysis. 
Authors Location(s) Type of 
wine 
System boundaries Environmental 
impact 
indicator(s) 
Scenario analysis Sensitivity 
analysis 










   
Ponstein et 
al., 2018 
Germany Red and 
white 
X X X X    GHG 1) reduction in bottle 
weight; 2) reuse of wine 
bottles; 3) increasing 
bottle volume; 4) 
replacement of grid 









X X X X    GHG No No 
Meneses 
et al., 2016 
Spain Red  X X X X X X ALOP, CC, FE, 
HT, TA, WDP 
No Yes 
Steenwert






X X X X X   ED, GWP, WDP 240 production 
scenarios 






Italy White X X      GHG No No 
Villanueva-
Rey et al., 
2014 


















1) bulk shipping of wine; 2) 
bottling closer to the final 
market; 3) recycling glass 
content; 4) reduced bottle 
weight; 5) exchanging 












X X X X    GHG No No 
Neto et al., 
2013 
Portugal White X X X X X   ADP, AP, EP, 
FAETP, GWP, 
























Spain White X X X     AP, EP, GWP, 
LC, POF, TETP 
No No 
Point et al., 
2012 
Canada Red and 
white 




1) organic viticulture; 2) 





Italy Red and 
white 
X X X X X X X GHG No Yes 
Gazulla et 
al., 2010 
Spain Red  X X X X X X AP, ED, EP, 
GWP, ODP, 
WDP 
1) national distribution 
within Spain; 2) 
international distribution to 
the UK 
No 
Environmental impact indicator(s): Abiotic depletio n (ADP); Acidification potential (AP); Agricultural  land occupation (ALOP); Climate change (CC); 
Energy demand (ED); Eutrophication potential (EP); Freshwater ecotoxicity (FAETP); Freshwater eutrophi cation (FE); Global warming potential 
(GWP); Greenhouse gas emissions (GHG); Human toxici ty (HT); Land competition (LC); Marine ecotoxicity (MAETP); Marine sediment ecotoxicity 


















3 Methods and data 
3.1 Methodological framework 
The underlying method for our subsequent analysis is based on the ISO 14040, and 
14044 methodology for LCA (ISO 2006a, 2006b). The strength of LCA lies with the 
standardization of the assessment process, replicable for different products and each 
production process or sub-process related to these products (Curran, 2008). The ISO 
14040: 2006 standard (reviewed and confirmed in 2016) specifies the definition of the 
goal and scope of the LCA, the life cycle inventory analysis phase, the life cycle 
impact assessment phase, the life cycle interpretation phase, reporting and critical 
review of the LCA, limitations of the LCA, and the relationship between the LCA 
phases. In the subsequent analysis, we follow the Corporate Value Chain (Scope 3) 
Accounting and Reporting Standard (WRI, WBCSD, 2013), which opts for the 
measurement of GHG emissions originating across the full supply chain of a product 
or service. This standard provided guidance for the assessment of the CF of the wine 
supply chain from the perspective of the distributor of wine in Finland, which is the 
alcohol monopoly Alko. We define CF as a measure of ‘the exclusive total amount of 
carbon dioxide emissions that is directly and indirectly caused by an activity or is 
accumulated over the life stages of a product’ (Wiedmann and Minx, 2008: 4), where 
the 'total amount of carbon dioxide’ is measured in kilograms or other mass units. 
3.2 System description 
As illustrated in Figure 1, the system boundaries were comprised of the four main 
steps of value creation of the wine supply chain, notably viticulture, vinification, 
packaging and transport (Ponstein et al., 2018). Looking at a global supply chain, the 
value creation took place at several different locations. Viticulture and vinification 
occurred in the respective COO. The bottling process was performed either in the 
COO or in Finland. When wine was bottled in the COO, we assumed this to take 
place at the same winery where the wine was produced and filled into glass bottles 
which were placed into cardboard boxes of six bottles. We did not assume the use of 
other packaging material than glass bottles in this instance. Subsequently, the bottled 
wine was trucked to the port, shipped to Finland, and trucked to the warehouse and 
POS. For wine bottled in Finland we assumed the packaging into flexi tanks at the 
















the bulk wine was trucked to a bottling facility. Here, we assumed the bulk wine to be 
bottled into glass bottles, BiB, beverage cartons, PET bottles, and pouches based on 
data provided by Alko, and trucked to the POS subsequently. 
 
Figure 1: System boundaries (Source: Own)  
We excluded GHG emissions from wrapping foil, additives and cleaning agents, 
since previous studies showed a low impact of these on the final results (Ponstein et 
al., 2018; Navarro et al., 2017b). Due to lack of data, we ignored GHG emissions 
related to eventual losses of cooling agents, disposal of cooling agents, and related 
to the consumption of wine (incl. refrigeration and washing of glasses). Although 
shopping trips by the final consumer can have an important effect on overall GHG 
emissions (e.g. Point et al., 2012; Amienyo et al. 2014), they were neglected due to 
















3.3 Modelling and assumptions 
3.3.1 Wine imports 
UN Comtrade (2017) was used as data source to identify the main COOs of wine 
consumed in Finland, providing import and export flows of 293 (reporting) countries. 
From this database, we extracted the 41 countries which exported wine to Finland in 
2017, disaggregating the wine trade flows into two main categories: bottled and bulk 
wine. We followed the methodology proposed by Mariani et al. (2012) to identify such 
categories, i.e. bottled wine was coded as ‘220421’ with the Harmonised System at a 
six-digit level of disaggregation, while bulk wine was defined as the difference 
between the total volume of wine exported to Finland and those volumes of bottled 
still and sparkling (‘220410’ code) wine. 
To derive the most relevant COOs, those countries individually responsible for at 
least 5% of the total volume of bulk and bottled wine imports of Finland were included 
in our analysis (Table 1). Sparkling wine was excluded as it is a different product, 
even though Mediterranean countries (France, Italy, and Spain) supply almost 80% 
of the total volume of sparkling wine consumed in Finland. 
Consequently, the COOs chosen for the subsequent analysis were Australia, Chile, 
France, Germany, Italy, Spain, South Africa, and the U.S. (California). They jointly 
accounted for 88% of the total bottled wine and 93% of the total bulk wine consumed 
in Finland in 2017 (54,2 million L), with varying shares of bulk and bottled wine (Table 
2).  
Table 2: Imports of bulk and bottled wine from main  countries of origin 
Country of origin Bulk wine (%) Bottled wine (%) Bulk & bottled 
wine (%) 
Australia 19.0 9.2 13.4 
Chile 23.2 19.1 20.9 
France 3.0 10.5 7.2 
Germany 6.0 7.7 7.0 
Italy 4.0 18.0 11.9 
South Africa 12.6 7.7 9.9 
Spain 14.6 13.2 13.8 
USA (California) 11.0 2.5 6.2 
Total 93.3 87.8 90.2 
Source: UN Comtrade (2017) 
The functional unit (FU) was 0.75 L of wine and we assumed a wine yield of 0.75 
















3.3.2 Emission factors 
Emission factors were retrieved from the Ecoinvent database V.3.4 (Ecoinvent, 2017) 
and from Defra (2016) for fossil fuels, which include pre-chain emissions. Emission 
factors for packaging materials other than glass bottles were retrieved from 
Päällysaho et al. (2018), who provided data specifically for the Finnish market (cf. 
Figure 2). Concerning the direct GHG emissions from the use of organic and 
synthetic nitrogen (N) fertilizers, we relied on the IPCC (2006) methodology and 
employed an emission factor of 1% of N2O-N per kg N-fertilizer applied to vineyard 
soil. Indirect emissions from N losses were not considered (Ponstein et al., 2018). To 
include GHG emissions from the production and transport of a range of possible 
sources of synthetic N fertilizers, we consider the range provided at regional level by 
Kool et al. (2012). Further, transports based on the inventory ‘market for nitrogen 
fertilizer, as N - GLO’ (ecoinvent, 2017) were included. We did not attribute GHG 
emission to the production of organic N fertilizers, assuming them to be waste 
streams from the winery, but accounted for a transport distance of 50 km [‘market for 
transport, freight, lorry, unspecified - GLO’].  
 
Figure 2: GHG emissions per packaging type. *Includ ing closure. (Source: Päällysaho (2018) 
and for glass bottles own calculation based on Pääl lysaho (2018) and Ecoinvent (2017) 
3.3.3 Sensitivity analysis 
In order to assess the uncertainties underlying LCA which arise from parameters and 
model uncertainty, spatial and temporal variability, and variability between sources 
















perspective (Blass et al. 2018), we included a sensitivity analysis. Since the high 
variability of agri-inputs and resulting GHG emissions for wine (Ponstein et al., 2018, 
Rugani et al., 2013; Vázquez-Rowe et al., 2013) reflect not only differences in agri-
inputs, production methods, and yield (ibid.), but also differences in methodology 
(such as assumptions, emission factors, and system boundaries; Ferrara and De 
Feo, 2018; Rugani et al., 2013), a sensitivity analysis is important to evaluate the 
extent to which such input changes affect the output in terms of GHG emissions.  
First, a particular probability distribution was assigned to each parameter used for 
estimating the final output (Wei et al., 2015; Meneses et al., 2016). In principle, and 
depending on the available sample size, the probability distribution of each 
parameter in the inventory can be derived from statistical methods. However, since 
we lacked corresponding inventory data, we relied on expert judgment, as previous 
analyses have done (Lloyd and Ries 2007; Clavreul et al. 2013). Information 
concerning emission factors was retrieved from Ecoinvent (Falcone et al., 2016), 
which led to the modelling of the distributions as lognormal. Also, we followed the 
IPCC guidelines (2006), as suggested by Neto et al. (2013) and Meneses et al. 
(2016). For emission factors, the log-normal distribution was used when no 
information was found, as it is assumed to properly describe the distribution of 
environmental and ecological parameters (Limpert et al., 2001; Mattila et al., 2012). 
Regarding the range provided for the production and supply of synthetic N fertilizer 
(Kool et al., 2012), we assumed a uniform distribution, which implies that all values 
within the range have the same probability. For the life cycle inventory, we assumed 
a PERT distribution: this distribution requires minimum, maximum, and the mode, 
while having some flexibility in the shapes and attributing less weight to extreme 
values (Muller et al., 2018). All input variables were assumed to be independently 
distributed of each other. 
Following similar works on the wine sector (Falcone et al., 2016; Meneses et al., 
2016), the second analysis step consisted of employing a Monte Carlo simulation 
(10,000 iterations), which is the predominant method used in LCA studies (Gregory 
et al., 2013; Henriksson et al., 2015; Pryshlakivsky and Searcy, 2017; Ross and 
Cheah, 2017; Song et al., 2018). This method generates random variables selected 
















distribution for the above-named factors, providing an expected value as well as 
lower and upper bounds of the 90% confidence interval. 
3.3.4 Scenario analysis 
A scenario analysis explores the implications of variations in the life cycle process, 
detecting potential strategies suitable for the enhancement of the sustainability of the 
Finnish wine supply chain. 
Since logistics, packaging, and energy consumption are typically amongst the main 
emission sources in a supply chain, we developed four scenarios: 1) changes in the 
bottling location for the whole supply-chain (import only bulk wine, bottling in 
Finland); 2) changes in bottle weight for wine in glass bottles; 3) change in packaging 
type (increase share in BiB at the cost of glass bottles); 4) increase in energy 
efficiency. 
In particular, scenario 1 assumed the establishment of a full bottling process in 
Finland will impact the production of GHG. Bulk wine has a significantly lower mass 
per FU compared to bottled wine, thus leading to lower GHG emissions from 
transport (Amienyo et al., 2014, Harris et al., 2016). For the bottling of bulk wine in 
Finland we assumed an additional electricity demand of 0.09 kWh per 0.75 L wine 
(BIER, 2017).  Scenario 2 assumed that all bottled wine was filled in 0.380 kg light-
weight bottles. Scenario 3 modelled an increase of BiB from 29% to 59% at the cost 
of glass bottles, aligning Finland with the Swedish market characterized by the 
highest percentage of wine in BiB in the Nordic countries (Alko, 2017). Scenario 4 
proposed an increase of 20% in energy efficiency, following the vision of the EURO 
2020 strategy (European Commission, 2010), imposing a reduction of 20% of (i.) the 
usage of electricity for vineyard irrigation, diesel use (Table 2), (ii.) all energy inputs 




















A number of studies on GHG emissions from wine production included the production 
of grapes, and represent this as an inventory (e.g. Amienyo et al., 2014; Benedetto, 
2013; Bosco et al., 2011; Gazulla et al., 2010; Neto et al., 2013; Point et al., 2012; 
Ponstein et al., 2018; Vázquez-Rowe et al.; 2012 and 2013). However, the scope of 
the above-mentioned studies varied due to data availability, regional focus of the 
analysis, and system boundaries. Due to a small sample sizes, none was 
representative for the specific geographic region (Weidema et al., 2016), except for 
Navarro et al. (2017b). These authors provided a regional coverage of several wine-
growing areas in Spain and the South of France, presenting a detailed inventory 
based on a sample size of eighteen wineries covering more than 5,200 hectares of 
vineyards and a yield of 3.7 to 11.4 tons of grapes per hectare. Therefore, we based 
our inventory on their data with regard to organic and synthetic fertilizer, herbicides, 
pesticides, diesel and electricity for irrigation. Data on trellis was derived from 
Ponstein et al. (2018), who include wood poles, metal poles, and wires, assuming a 
life-span of 30 years. Due to a lower deviation of data per kg of grape compared to a 
hectare of vineyard as unit of analysis (Navarro et al., 2017b), we chose the 
inventory per kg grape (Table 3). The GHG emissions from the irrigation of vineyards 
were calculated based on the activity data provided by Navarro et al. (2017b), which 
was adjusted to the share of irrigated vineyards per COO (Table 4), and the 
respective emission factor for grid electricity (Ecoinvent, 2017). The GHG emissions 
from the production of grid electricity vary strongly amongst the COOs (Figure 3), 
reflecting the respective shares of fossil fuels, nuclear, and renewable energies, as 
well as distribution losses (Ecoinvent, 2017). Electricity produced in France caused 

















Figure 3: GHG emissions from grid electricity per c ountry of origin. Own illustration based on 
Ecoinvent (2017) 
Table 3: Inventory of agri-inputs for wine grape pr oduction, per kg grapes 
From the technosphere Unit mean min max STD VAR1 Source  
Trellis kg 0.0154 0.0084 0.0283 0.0052 0.3382 [1] 
Organic fertilizer kg N 0.0048 0.0000 0.0102 0.0037 0.7970 [2] 
Synthetic N fertilizer  kg N 0.0037 0.0020 0.0060 0.0019 0.5352 [2] 
Phosphorous fertilizer kg P2O5 0.0114 0.0036 0.0357 0.0137 1.8832 [2] 
Sulphur kg 0.0070 0.0002 0.0220 0.0080 0.2015 [2] 
Unspecified fungicides kg 0.0020 0.0002 0.0046 0.0010 0.5540 [2] 
Herbicides kg 0.0007 0.0002 0.0017 0.0005 0.8734 [2] 
Insecticides kg 0.0003 0.0001 0.0009 0.0004 2.0253 [2] 
Diesel  L 0.0310 0.0120 0.0600 0.0150 0.5263 [2] 
Electricity kWh 0.0450 0.0009 0.0770 0.0280 0.5830 [2] 
1 Own calculation. Source [1] Ponstein et al., 2018; [2] Navarro et al., 2017b  
Table 4: Percentage of vineyards under irrigation 
Country Irrigation % Year Source 
Australia 90% 2008 Australian Bureau of Statistics (2009) 
Chile 87% 2016 Servicio Agrícola y Ganadero (2017) 
France 4% 2010 Eurostat (2016) 
Germany 2% 2010 Eurostat (2016) 
Italy 27% 2010 Eurostat (2016) 
South Africa 85% 2016 Briers-Louw (2016) (using data from the South 
African Wine Industry Information & Systems) 
Spain 23% 2010 Eurostat (2016) 


















For the electricity consumption at winery level and for the consumption of natural gas 
to heat water, we relied on Navarro et al. (2017b). The figures for the range of fuel 
used in winery vehicles exclude transport of wine to the final customers, and were 
adopted from Ponstein et al. (2018) (Table 5). 
Table 5: Inventory of inputs for vinification per 0 .75 L wine 
Inputs per FU Unit  Mean Min Max STD VAR Source  
Electricity  kWh  0.4425 0.1193 1.8075 0.4993 1.1284 [1] 
Heat kWh  0.0458 0.0031 0.0902 0.0040 0.0873 [1] 
Fuel to heat water kWh  0.1478 0.0005 0.3079 0.0107 0.0724 [1] 
Fuel for cars kWh  0.0859 0.0086 0.3758 0.0104 1.5276 [2] 
1 Own calculation. Source [1] Navarro et al., 2017b; [2] Ponstein et al., 2018. 
4.1.3 Bottling / packaging 
For wine packaged in the respective COOs, we assumed a range of glass bottle 
weight retrieved from the literature (minimum weight 0.380 kg: Point et al., 2012; 
maximum weight of wine bottles in Nordic countries: 0.774 kg: Weidema et al., 2016), 
while the expected value equals the average weight of wine glass bottles used in 
Finland (0.480 kg, Päällysaho et al., 2018).  
For bulk wine bottled in Finland, we assumed the transportation from the respective 
wine producers to a bottling facility in Finland in flexitanks, which is a bladder that fits 
24,000 L of wine made from layers of different plastic types (Weidema et al., 2016). 
This results in 2.5 g of plastic per FU. For the bottling in Finland, an additional 
electricity consumption for the bottling process of 0.09 kWh was assumed based on 
BIER (2017). 
GHG emissions from glass bottle production were adopted to the respective regional 
origin. Hence, GHG emissions from the production of the glass bottle per kg glass 
were 0.743 kg CO2e for wine bottled in Germany (BV Glas, 2013, Ponstein et al., 
2018), 0.866 kg CO2e per kg glass for other European countries (RER w/o CH+DE), 
and 1.079 kg CO2e per kg glass for non-European countries (Ecoinvent, 2017). 
We assumed a weight of 5.5 g per aluminium closure (Päällysaho et al., 2018) and 
modelled GHG emissions based on the data sets for the production of aluminium 
ingots and sheet rolling (Ecoinvent, 2017), again taking into account the regional 
origin (EU or non-EU). For secondary packaging, we assume 250 g per box that fits 6 
















Regarding the BiB, we assume a packaging volume of 3 L with a weight of 0.179 g 
consisting of cardboard, several extruded types of plastic, and aluminium foil, with an 
attributed emission factor of 0.052 kg CO2e based on Päällysaho et al. (2018). 
Weights and emission factors for beverage cartons, PET bottles, and pouches were 
equally retrieved from Päällysaho et al. (2018) (Figure 2). 
4.1.4 Transport 
The calculation of GHG emissions was based on tonne-kilometres (tkm) and 
considered the following modes of transport: for wine produced in the EU, the USA, 
and Australia, we assumed transportation from cellar to port with a truck with EURO 
5, while for Chile and South Africa we assumed a truck with EURO 3. For the 
calculation of the respective transport weights we considered the packaging material 
for bottled wine and flexi tanks for bulk wine. All wines were assumed to be 
transported by truck from the cellar to the port in the COO, and per ocean freight to 
Helsinki. The following ports were selected: Adelaide for Australia; Valparaiso for 
Chile; Marseille for France; Hamburg for Germany; Genova for Italy; Cape Town for 
South Africa; Valencia for Spain; San Francisco for the USA. Our selection criteria 
were based on the relevance for the maritime transport of goods, considering data 
from Eurostat (Eurostat, 2018) and from the American Association of Port Authorities 
(AAPA) World Port Rankings (American Association of Port Authorities, 2018). For 
“New World” wines, we assumed that the freight changed ships in Rotterdam before 
reaching Helsinki. Distances were calculated based on the website 
www.seadistances.org. Bottled wine was assumed to be trucked to the warehouse 
and the POS subsequently, while bulk wine was assumed to be trucked to the 
bottling facility in Finland, and then to the POS. The average distance from cellar to 
port for each country was calculated using different data sources. For Australia, 
Chile, South Africa, and USA-California the average distance from cellar to port has 
been obtained from the reports produced by JF Hillebrand, a beverage logistic 
company. For France, Germany, Italy, and Spain we made assumptions based on 
the georeferencing of a sample of wineries within the wine-growing areas. The 
average transport distance of wine in Finland was provided by Alko (Kokkonen 2018, 
personal communication). Total transport distances ranged from 2,853 km (Germany) 

















Table 6: Transport distances per country of origin 
Country of 
origin 
Truck in country of 
origin (km) 




Australia 300 22,096 208 22,604 
Chile 300 15,951 208 16,459 
France  200 5,838 208 6,246 
Germany 500 2,145 208 2,853 
Italy 130 6,128 208 6,466 
South 
Africa 
86 13,558 208 13,853 
Spain 250 5,276 208 5,734 
USA 
(California) 
300 17,120 208 17,628 
1For bulk wine we assume an additional 50 km of transport within Finland (Source: Own) 
4.2 GHG emissions  
Based on the above analysis, the wine supply chain in Finland caused 88,668 tons of 
CO2e in 2017 with a 90% confidence interval of 79,499 to 121,775 tons of CO2e. The 
three largest sourcing destinations by volume (Chile, Italy, Spain) contributed with 
50% of the total import volume and 48% of total GHG emissions (Figure 4).  
 
Figure 4: Finnish wine imports and GHG emissions pe r country of origin (Source: Own) 
Fifty-nine percent of the wine was bottled in glass bottles, causing 72% of GHG 
emissions owing to the relatively high GHG emissions associated with glass bottles. 
Meanwhile, 29% of wine was packaged in BiB, which accounted for only 20% of 
GHG emissions. The remaining 12% were bottled in beverage cartons, PET bottles, 





























e carton  
PET 
bottle 
Pouch   
Australia  4,522 5,263 2,856 861 399 8 13,909 11,896 - 20,274 
Chile  10,607 - 6,260 1,530 573 423 19,394 17,101 - 26,680 
France   5,742 1,095 262 - 43 27 7,168 6,976 - 9,020 
Germany  7,824 2,022 984 200 79 - 11,110 9,704 - 15,434 
Italy  8,884 1,424 445 63 173 - 10,991 10,151 - 14,673 
South Africa  3,122 - 3,714 834 440 855 8,966 7,243 - 13,840 
Spain  6,893 3,224 1,300 345 273 47 12,083 11,237 - 15,991 
USA 932 1,853 1,592 465 178 28 5,048 4,592 - 6,875 
Total  48,526 14,882 17,415 4,299 2,158 1,389 88,668 79,499 - 121,775 
 
On average, 0.75 L of wine consumed in Finland caused 1.226 kg CO2e, which is 
comparable to the range derived by previous authors for other countries (e.g. 
Ponstein et al. 2018; Scrucca et al. 2018; Rugani et al., 2013). The minimum value of 
0.587 kg CO2e was found for wine produced in France and bottled in BiB in Finland, 
while the maximum value of 1.923 kg CO2e was derived for wine produced and filled 
in glass bottles in Australia. This large range of results can be explained by structural 
and country-specific differences, and packaging material. Concerning the country 
differences, drivers of GHG emissions are high irrigation intensity, present in 
Australia, Chile, South Africa, and USA (over 85%, Table 3), high GHG emissions 
from electricity production, prevalent for Australia, Chile, Germany, and South Africa 
(Figure 3), and transport distances, which are particularly large for Australia (22,604 
km), Chile (16,459 km), the USA (17,628), and South Africa (13,853 km, Table 5). 
Consequently, wine from European countries had an advantage with respect to 
transport distance (over 6,500 km), and rather low emission factors for grid electricity 
(except for Germany).  
Despite these important structural differences at the country-level, the most influential 
factor for GHG emissions per FU was the packaging type. As depicted in Figure 2, an 
average glass bottle would result in 0.638 kg CO2e when produced in non-EU 
countries, and 0.472 kg CO2e when produced within the EU. Compared to that, BiB 
would cause only 0.052 kg CO2e, exceeded by beverage cartons (0.063 kg CO2e), 
















Further, GHG emissions from wine produced in EU countries filled in packaging other 
than glass bottles are at the lower end of the range of emissions results, while those 
from wine produced in non-EU-countries, specifically in Australia and South Africa, 
are at the higher end. Since the type of packaging has such a strong effect on the 
final result for wine imported from non-EU countries, wine bottled in packaging other 
than glass can cause less GHG emissions than wine from European countries in 
glass bottles (Table 8). 








Africa Spain USA 
Viticulture 0.298 0.282 0.257 0.257 0.261 0.304 0.260 0.278 
Vinification 0.526 0.359 0.106 0.356 0.265 0.544 0.245 0.310 
Transport from COO to POS1 in Finland 
Glass, bottled 
in COO 
0.424 0.336 0.170 0.180 0.159 0.257 0.172 0.353 
Glass, bottled 
in Finland 
0.309 0.254 0.157 0.161 0.150 0.204 0.157 0.264 
BiB2 0.294 0.239 0.142 0.146 0.135 0.189 0.141 0.248 
Beverage 
carton 
0.293 0.238 0.143 0.145 0.134 0.189 0.141 0.248 
PET bottle 0.294 0.239 0.143 0.146 0.135 0.190 0.142 0.249 
Pouch 0.293 0.238 0.141 0.147 0.135 0.188 0.140 0.248 
Packaging material & bottling 
Glass, bottled 
in COO 
0.684 0.684 0.518 0.459 0.518 0.684 0.518 0.684 
Glass, bottled 
in Finland 
0.548 0.548 0.548 0.548 0.548 0.548 0.548 0.548 
BiB 0.082 0.082 0.082 0.082 0.082 0.082 0.082 0.082 
Beverage 
carton 
0.093 0.093 0.093 0.093 0.093 0.093 0.093 0.093 
PET bottle 0.212 0.212 0.212 0.212 0.212 0.212 0.212 0.212 
Pouch 0.101 0.101 0.101 0.101 0.101 0.101 0.101 0.101 
Total GHG emissions per 0.75 L wine 
Glass, bottled 
in COO 































































































































With regard to the sensitivity analysis, and as illustrated in Table 8 (row ‘confidence 
interval 90%’), the lower and upper bounds of variability related to the total GHG 
emissions per FU (for each COO) obtained through the Monte Carlo simulation vary 
across countries. This suggests that uncertainty associated with a country’s GHG 
emissions is more influential on the final results for some countries compared to 
others. Australia and South Africa have the wider ranges of variability for each type of 
packaging. This is caused by the range of electricity usage assumed for the 
vinification phase in the life cycle inventory, combined with high emission factors for 
grid electricity in these countries. Furthermore, the range of glass bottle weight in 
combination with rather high GHG emissions from packaging glass production, which 
is more pronounced for non-EU countries, are important drivers of variability. 
Consequently, France and Spain provide the narrower differentials from the upper 
and bounds for each type of packaging, as electricity-based GHG emissions are 
rather low and glass bottles are produced within the EU. 
4.3 Scenario analysis 
The potentials for reducing GHG emission vary on a country-level as a function of the 
underlying assumptions and circumstances (cf. 4.2, Figure 5). The increase of BiB at 
the cost of glass bottles (Scenario 3) offered the greatest potential for reducing GHG 
emission in the Finnish wine supply chain (-12), followed by the increase in energy 
efficiency across the full supply chain (Scenario 4, -8%). Here, the impact was 
greatest for wine from countries with a high emission factor for electricity, particularly 
for South Africa (-11%) and Australia (-9%). Reducing the bottle weight to 0.380 kg 
(Scenario 2) throughout the supply chain would avoid 6% of the GHG emissions on 
supply-chain level, while the effects are greater for COOs with a high share of bottled 
wine, such as France, Italy, Germany, and Spain (Table 2). Notably, a change in 
bottling location (Scenario 1, -2%) would reduce the GHG emissions from wine from 
overseas destinations, but not from EU countries. Here, the avoided GHGs from 
transporting the bottle are exceeded by emissions from the additional energy and 

















Figure 5: Scenario analysis – reduction in GHG emis sions compared to the baseline  
5 Discussion 
Comparing our results for wine from the various COOs in a glass bottle to the 
literature (Ponstein et al., 2018; Scrucca et al. 2018; Navarro et al., 2017b; Weidema 
et al., 2016; Rugani et al., 2013; Point et al., 2012), our findings are within the range 
identified by earlier studies. Nevertheless, the average value for wine consumed in 
Finland is at the lower end of the range derived by previous work when considering 
the same comprehensive system boundaries. This can be attributed to the high share 
of packaging materials other than glass bottles (41%) typical for the Finnish wine 
market: We found considerably lower results for wine bottled in alternative 
packaging, such as beverage cartons, PET bottles, pouches, and BiB. As 
demonstrated in our scenario analysis, increasing the share of wine bottled in BiB 
from 29% to 59% at the cost of glass bottles (Scenario 3) has the strongest potential 
to decrease value-chain based GHGs (-12%). This finding is supported by Amienyo 
et al. (2013) who analysed the environmental impacts of exchanging 10% of glass 
bottles for beverage cartons. GHG emissions from wine consumed in Finland can be 
lower than when consumed in the respective COOs despite long transport distances 
– given the packaging material is not glass. This is supported by empirical findings of 
previous work: alternatives to conventional single-use glass bottles are at the core of 
the decarbonization of the wine supply chain (e.g. Ponstein et al., 2018; Weidema et 
















Considering that glass bottles have been identified as the single largest source of 
GHG emissions within the wine supply chain also by previous authors (e.g. Ponstein 
et al., 2018; Navarro et al., 2017b), the exchange of glass bottles for alternative 
packaging material with a low emission intensity or the reduction of bottle weight is 
intuitive. We found that the use of light-weight bottles throughout the supply chain 
(Scenario 2) would reduce emissions from the supply chain by 6%. With regard to the 
practical implementation of both scenarios discussed above, there is likely need for 
consumer education, since consumers would otherwise likely be nudged by existing 
quality proxies like bottle weight, noting previous evidence which suggests that 
consumers make wine purchase decisions not only based on price and label 
attributes (Henley et al., 2011; Steiner, 2004), but also on packaging aspects other 
than labelling (Reynolds et al., 2018; Barber and Almanza, 2007). In particular, 
studies suggest that quality can be a function of bottle weight and the haptic 
characteristics of the glass bottle (Szocs et al., 2016; Piqueras-Fiszman and Spence, 
2012). Furthermore, price was found to correlate positively with the bottle weight, 
suggesting that consumers associate higher quality with higher bottle weight 
(Piqueras-Fiszman and Spence, 2012). This result implies that consumers and 
industry stakeholders may face a significant trade-off between promoting 
sustainability gains at the expense of perceived quality. Alternatively, the reuse of 
wine bottles in Finland should be considered as a low-carbon strategy, pointed out by 
Ponstein et al. (2018). 
The scenario analysis shows that possible changes would not impact all countries of 
origin equally and that it is worthwhile assessing the potential GHG remissions 
reductions effects individually. For example, while a shift of the bottling location from 
the COO to Finland (Scenario 1) would imply an overall reduction of merely 2%, the 
reduction potential is more pronounced for the supply chain of wines from countries 
with a larger transport distance, such as Australia (-4%), Chile (-7%), and South 
Africa (-4%), and will be higher with an increased share of bottled wine. For 
European countries, a shift in the bottling location would actually add GHG emissions 
to the supply chain, as additional energy usage and transports related to the bottling 
facility in Finland would not be compensated for by reduced GHG emissions from a 
lowered transport mass of bulk wine. Our findings are comparable to those by 
Amienyo et al. (2014), who assessed the environmental impacts associated with 
















from the shipping of bottled wine from Australia to the UK, based on WRAP (2007) 
who stated a reduction in 0.16 kg CO2e from shipping bulk as opposed to bottled 
wine. Amienyo et al. (2014) stated a reduction of 0.192 kg CO2e for wine shipped in 
bulk and bottled in England. This finding compares with our result of 0.424 kg CO2e 
from transports of bottled wine from Australia and reduction of 0.123 kg CO2e when 
shipped as bulk and bottled in Finland. 
Our application of the EU2020 strategy (European Commission, 2010), proposing an 
energy efficiency gain of 20% (Scenario 4), showed that the reduction in GHG 
emissions per FU depends on the emission intensity of grid electricity, which varies 
strongly amongst COOs (Figure 2). While the mitigation potential would merely be 
2% for France, it could reach as much as 11% for wine from South Africa and 9% 
from Australia. One could conclude that focusing on energy efficiency efforts in those 
countries with a high emission intensity of grid electricity was preferable. However, 
limitations of the scope chosen for our LCA should be considered, since we focus on 
GHG emissions only, not on other environmental indicators, or on economic drivers, 
such as anticipated cost contributions (Blass and Corbett, 2018).  
Our analysis faces a number of limitations that need to be acknowledged. As a 
function of data availability, we had to assume that the range of inventory data was 
the same for all factors except for irrigation for all countries of origin. Our main data 
weakness relates to life cycle inventory data for viticulture, which is not country-
specific because such data does not exist. Future research should obtain 
representative production data for all main wine-growing areas which addresses the 
high degree of natural variability (Björklund, 2002) in wine production (Rugani et al., 
2013; Ponstein et al., 2018). Nevertheless, our results shed light on the structural 
differences across the eight main wine producing countries under consideration, 
highlighting major differences in GHG emissions embedded in local input-specifics, 
e.g. related to electricity production, and irrigation. In light of our focus on one 
environmental sustainability indicator only, it is clear that future analyses would 
benefit from a more holistic assessment of the wine supply chain sustainability 
performance, keeping a triple-bottom line sustainability assessment in mind, and 

















From the perspective of the Finnish Alcohol Monopoly Alko, virtually all GHG 
emissions arise outside of the organization from upstream activities (production and 
packaging of wine and transports to Finland) and, to a minor extent, downstream 
activities (domestic transport and subsequent processes, Figure 1). Therefore, a 
decarbonization of the Finnish wine supply chain depends on the joint effort of all 
members of the supply chain and the wine consumers. 
6 Conclusions 
This paper provides a detailed analysis of greenhouse gas (GHG) emissions from the 
global wine supply chain of Finland. As a partial LCA, it conducts not only sensitivity 
analyses, but also scenario analyses (change in bottling location; reduced bottle 
weight, increase the share of Bag-in-Box at the cost of glass bottles; energy 
efficiency) for 90% of wines entering Finland, hereby identifying low-carbon 
strategies potentially of interest to industry and government stakeholders seeking out 
new strategies for enhancing sustainability in global wine supply chains. Compared 
to previous work on GHG emissions in the wine supply chain which have not 
differentiated the analysis by country of origin (COO), our paper provides detailed 
results by COO. On average, the consumption of 0.75 L wine in Finland caused 
1.226 kg CO2e, which is not only within the lower end of the range found by 
comparable studies, but also a plausible value given the high share of Bag-in-Box 
(BiB) packaging (29%) and packaging types other than glass bottles (12%) currently 
observed in Finland. Further, we found a large range of results, from 0.587 CO2e for 
French wine in BiB to 1.923 kg CO2e in the case of Australian wine bottled at source, 
largely as a function of emission factors for electricity, transport distances, modes of 
transport, and, most importantly, packaging. Across the supply chain, wine bottled in 
glass in the respective COOs contributed with the highest amount of GHG emissions. 
Contrasting, wine imported as bulk wine and bottled in Finland in BiB caused the 
lowest amount of GHG emissions per Functional Unit. 
Our four scenario analyses suggest that increasing the amount of wine in BiB has the 
greatest environmental sustainability gains with respect to GHG emissions, 
irrespective of the COOs. Assuming that wine producers would follow the 20% 
energy efficiency increase recommendation by the European Commission’s Energy 
2020 strategy, we found the highest GHG reduction potential for wine producers in 
















shift in bottling location from the COOs to Finland, associated with bulk wine exports 
to Finland, could reduce GHG emissions for wine from Chile, Australia, and South 
Africa, but not for wine from European countries. Similarly, the reduction in bottle 
weight would have a higher impact on wine from non-EU countries. 
The results from the four scenarios are of particular interest in light of the similarities 
in industry structure in Finland and the other Nordic countries. Since the Nordic 
countries are characterized by a retail alcohol monopoly, there may be substantial 
leverage for making significant sustainability improvements via a single institution 
that is directly associated with a government.  
Future research should obtain representative production data for all main wine-
growing areas which considers the high degree of natural variability (Björklund, 2002) 
in wine production (Rugani et al., 2013, Ponstein et al., 2018). 
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Figure 2: GHG emissions per type of packaging (Source: Päällysaho (2018) and for 
glass bottles own calculation based on Päällysaho (2018) and Ecoinvent (2017) 
Figure 3: GHG emissions from grid electricity per country of origin (Own illustration 
based on Ecoinvent (2017)) 
Figure 4: Finnish wine imports and GHG emissions per country of origin (Source: 
Own) 
Figure 5: Scenario analysis: reduction in GHG emissions compared to the baseline  
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− GHG emissions of Finland´s global wine supply chain 
− Assessment of structural differences of 8 leading wine producing countries 
− Sensitivity analysis based on Monte-Carlo Simulation and 4 scenarios 
− Highest mitigation potential from increasing the share of alternative packaging 
− Second highest mitigation potential from increasing energy efficiency 
− GHG reductions from change in bottling location only for distant sourcing 
destinations 
